This paper describes a strategy for preparing photosensitive polymeric grafts on flat solid surfaces by loading diblock-copolymer or homopolymer brushes with cationic azobenzene-containing surfactants. In contrast to previous work, we utilize photosensitive surfactants that bear positivelycharged polyamine head groups whose charge varies between 1+ and 3+. Poly(methyl methacrylateb-methacrylic acid) (PMMA-b-PMAA) brushes were prepared by employing atom transfer radical © 2016. This manuscript version is made available under the Elsevier user license http://www.elsevier.com/open-access/userlicense/1.0/ 2 polymerization, where the bottom poly(methyl methacrylate) block was grown first followed by the synthesis of t-butyl methacrylate block that after de-protection yielded poly(methacrylic acid). We used PMMA-b-PMAA brushes with constant grafting density and length of the PMMA block, and three different lengths of the PMAA block. The azobenzene-based surfactants attached only to the PMAA block. The degree of binding (i.e., the number of surfactant molecules per binding site on the brush backbone) of the surfactants to the brush depends strongly on the valence of the surfactant head-group; within the brushes the concentration of the surfactant carrying unit charge is larger than that of multivalent surfactants. We detect pronounced response of the brush topography on irradiation with UV interference pattern even at very low degree of binding (as small as 0.08) of multi-valence surfactant. Areas on the sample that receive the highest UV dose exhibit chain scission. By removing the ruptured chains from the substrate via good solvent, one uncovers a surface topographical relief grating, whose spatial arrangement follows the intensity distribution of the UV light on the sample during irradiation. Due to strong coupling of the multi-valence surfactants to the polymer brush, it was possible in some cases to completely remove the polyelectrolyte block from the PMMA layer. The application of multi-valence azobenzene surfactants for triggering brush photosensitive has important advantage over usage of surfactant with unit charge because relative to single-valence surfactants much lower concentrations of the multivalent surfactant are needed to achieve comparable response upon UV irradiation.
Introduction
Photo-reactive brushes comprising surface-tethered polymers with attached azobenzene-containing molecules exhibit strong mechanical response when irradiated with external UV light. [1] [2] [3] The azobenzene moieties are responsible for photosensitivity due to their ability to undergo an UVinduced photo-isomerization transition from a trans-to a cis-state. The photo-isomerization is 3 completely reversible and can be accomplished thermally or under irradiation with light of longer wavelength. [4] [5] [6] Under photo-isomerization the molecular properties of both polymer brush and photosensitive side chains vary strongly with respect to, e.g., free volume and dipole moment to be larger for cis-isomer. Photosensitive polymer brushes can thus be thought of as forming two separate phases with different chemical potential for the azobenzene molecules or, in combination with the polymer matrix as the mechanical, responsive component, as two phases with different material
properties. An external, spatially varying UV radiation field (obtained, for instance, by an interference pattern) introduces gradients in chemical potential and/or material properties. Since the azobenzene molecules are attached to the polymer matrix, opto-mechanical driving forces lead to intriguing phenomena such as the formation of surface relief gratings (SRG). [7] [8] [9] During this process, the polymer topography deforms following the distribution of the intensity or polarization of the incoming UV light. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The process takes place in air, where the polymer film is solid-like.
While the formation of SRG in physisorbed polymer films has been known and well-documented for about two decades, [20] [21] in polymer brush conformations the phenomenon was demonstrated only recently. [1] [2] [3] 29] As in the case of physisorbed film, polymer brushes deform during irradiation with UV interference pattern, yet there is a peculiarity in the process. Namely, during the SRG formation within the photosensitive polymer films, local rupturing of the polymer chains takes place in regions of high UV intensity leading to periodic topographical nano-structured corrugations of the film on the substrate, which are detected after exposing the specimens to good solvents after the UV illumination. The shape of the substrate-bound nano-pattern is determined by the morphology of the interference pattern and can feature, for instance, nano-stripes or nano-islands where the polymer chains are still attached to the solid surface. Opto-mechanically induced scission of polymer chains during the formation of surface gratings indicates that the generated stresses within the polymer films 4 are large. [22] Indeed, investigating this question, we have found that metal layers placed on photosensitive polymer film can be ruptured during the SRG formation. [23, 24] Even the strongest material ever tested, i.e., graphene [25] , could be stretched by the photosensitve polymer film during SRG formation applying opto-mechanical stresses of the order of 1 GPa. [26] One can follow different strategies to render the polymer brush photosensitive. Seki at al.
polymerize azobenzene modified monomers using surface-initiated ATRP to form photosensitive brushes. [27, 28] In an alternative approach one first prepares polymer brush and then the azobenzene molecules are attached as side chains either covalently [1, 2] or ionically. [3, 29] In the latter case the requirement is that the brush and azobenzene molecules possess opposite charges. We have followed this strategy to functionalize brushes consisting of poly(methylmethacrylate-bmethacrylic acid) (PMMA-b-PMAA) diblock copolymers [3] and PMAA homopolymer [29] with cationic azobenzene-containing surfactants that attached selectively to the charged PMAA chains.
We demonstrated that in the case of diblock-copolymer brushes rupture occurred at the link connecting PMMA (non-functionalized) and PMAA (photosensitive). [3] Depending on the irradiation intensity, up to nearly 90% of the PMAA chains can be ruptured during irradiation and subsequently removed locally from the intact PMMA block during treatment with good solvent, leaving behind a nano-structured brush consisting of lines or small islands. In reference 29 we explored the behavior of systems featuring three surfactants that possessed the same charged headgroup and differed in the length of the hydrophobic spacer connecting the head-group and the azobenzene unit. We demonstrated that surfactants of larger hydrophobic species did not penetrate deep into the brush. Since rupturing of polymer chains occurred predominantly in the regions of high surfactant density, a leftover layer of PMAA non-functionalized with surfactants remained on the substrate.
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In this work we show that complete local removal of polymer chains during the formation of SRG is achieved even at very low concentration of surfactant within the brush. In reference 3, the binding degree of the azobenzene containing surfactant was = 0.8 (i.e., 0.8 surfactant molecules per one carboxyl group within the brush). In this paper we show that even a 10 fold lower degree of binding, i.e., = 0.08, is sufficient to induce a comparable degree of polymer chain scission.
To achieve this we load PMMA-b-PMAA diblock-copolymer brushes with azobenzenecontaining surfactants consisting of polyamines as head-groups and a hydrophobic tail, in which the azobenzene is incorporated. Mimicking natural polyamines (spermidine (3+) and spermine (4+)) [30] [31] [32] [33] one utilizes synthetic polyamines for compaction of DNA [34] [35] [36] [37] [38] and, when functionalized with azobenzene, for light driven remote control of the size of DNA and microgels. [39] We chose the polyamine head-group because of its low toxicity. [37, 38] The charge at the head group is varied between 1+ and 3+, depending on the pH and the number of amine groups. The degree of binding of the surfactant to the brush depends strongly on the number of amino groups in the surfactant head.
For instance, for the same brush the degree of binding, i.e., the number of surfactant molecules per binding site on the brush backbone, decreases from 0.24 for a polyamine with 1+ charge to 0.08 for a polyamine with 3+ charges. Interestingly, upon UV irradiation, the extent of polymer chain scission of brushes loaded with multivalent surfactants even at such lower degrees of binding is comparable with systems featuring surfactants bearing 1+ head-groups. We attribute this behavior to stronger coupling of the photo-sensitive molecules actuator to the polymer matrix and thus more effective transduction of the opto-mechanical forces.
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Experimental Section
Synthesis of PMMA-PMAA polymer brush.
PMMA-b-PMAA diblock-copolymer brushes were synthesized as described elsewhere. [3] In short, first PMMA brushes were synthesized from ATRP initiator (11-(2-Bromo-2-methyl)propionyloxy undecyltrichlorosilane, BMPUS) deposited on a silicon wafer or quartz glass following a previously reported method. [40, 41] In the second step PtBMA blocks were grown from the PMMA chains to form PMMA-b-PtBMA diblock-copolymer brushes. [42] Samples were removed from the polymerization solution at certain time intervals to achieve different length blocks of PtBMA. In the final step, the PMMA-b-PtBMA grafts were converted to PMMA-b-PMAA diblock-copolymer brushes by exposing them to a 50% (v/v) of trifluoroacetic acid in dichloromethane. Based on evolution of the brush thickness, the reaction appeared complete within thirty minutes of exposure time.
Synthesis of photosensitive azobenzene containing polyamines.
The cationic azobenzene containing polyamines were synthesized as described elsewhere. [38] At first azo-coupling of p-buthylaniline with phenol and following subsequent reaction with 1,6-dibromoalkane was carried out. The next step involved reactions with ethylenediamine, diethylenetriamine and tris(2-aminoethyl)amine . The azobenzene containing polyamines differ in the number of amine group in the head; i.e., 1, 2 and 3 (Figures 1 a1, a2, a3 , respectively). In the following the polyamines are termed as Azo-En, Azo-Deta and Azo-Tren. The polyamines were dissolved in water (MilliQ) and kept in the dark for several days to ensure complete relaxation to the trans configuration. Depending on the pH value, the charge varies from 1+ to 3+ increasing from Azo-En to Azo-Deta and to Azo-Tren. The experiments were conducted at pH = 5 at which the amino groups are partially protonated. [38] The fourth photosensitive surfactant discussed in the paper is azobenzene-containing trimethylammonium bromide (Azo-TMAB) (Figure 1 a4) , described in previous publication. [43] The photo-isomerization behavior of the polyamines.
All three polyamine compounds and Azo-TMAB have similar structure of a hydrophobic tail, in which the azobenzene moiety is integrated (Figure 1) . The azobenzene group with a short alkyl chain (CH 2 ) 3 -CH 3 at a para position is connected to the polyamine part through a hydrophobic spacer bearing 6 CH 2 groups. The photoisomerization of polyamine was found to be similar to previously described cationic surfactant Azo-TMAB. [44] The trans isomer of all three polyamines and Azo-TMAB displayed a characteristic absorption band (* transition of the azobenzene unit in the trans conformation) with a maximum at 351 nm. The UV/vis spectrum of the cis isomer features two absorption bands with maxima at 313 nm (* transition) and at 437 nm (n-* transition). The lifetime of the cis isomer in the brush is ~22 hours; therefore, the spectra do not change considerably after the irradiation is turned off. [18] Irradiation at 325 nm results in an intermediate ratio of the trans and cis isomers, defined by the ratios of the extinction coefficients at the corresponding wavelengths. The band with maximum at ~240 nm corresponds to the absorption of the -conjugated benzene rings present in both isomers.
Binding of photosensitive surfactants.
The PMMA-b-PMAA brushes were placed in polyamine solution of a given concentration for 1 hour at room temperature followed by drying under nitrogen flow. The interactions between the surfactants and the brush are driven by the interplay among hydrophobic, ionic and H-bond forces. 8 Any unbound molecules were removed by rinsing the sample in a water bath. The thickness of a sample increased due to absorption of the surfactant. The degree of binding () was determined by the following equation: [45] (1)
In Equation (1) 
Methods
Atomic force microscopy (AFM) (Nanoscope V, Veeco, USA) was employed to characterize surface topography of PMMA-PMAA brushes. The microscope was operated in tapping mode, using commercial tips (NanoWorld) with a resonance frequency of ~320 kHz, and a spring constant of ~40 N/m. The experiments were carried out in air, at room temperature of 23°C, and constant humidity of 55%, in a room with yellow light to avoid any premature isomerization of the surfactant.
UV-visible spectra were measured by a Cary 5000 UV-Vis-NIR spectrophotometer (Varian, Inc.).
The Lloyd's mirror scheme with He-Cd laser (Kimmon) operating at = 325 nm (total power of 
Results and Discussion
In this study we have investigated three diblock-copolymer PMMA-b-PMAA brushes with the same grafting density and molecular weight of the bottom PMMA block, different molecular weight of the dangling PMAA block. Specifically, three molecular weights of the PMMA block were examined: 32, 84 and 111 kDa for brushes I, II, and III, respectively ( Table 1 ). The brushes can be viewed as bi-layer films consisting of PMMA and PMAA blocks (Figure 1b) . To load brush with photosensitive molecules, the film was exposed to surfactant solution (concentration 1 mM) for 1 hour followed by rinsing with water and drying. The polyamines interact ionically, hydrophobically or through H-bonding with the brush resulting in the total height increase as shown in Figure 1c . We have found that the molecules adsorb only into the PMAA block by performing a control experiment. Here the PMMA brush was exposed to surfactant solution and post treated as described above for the case of diblock copolymer brush. No change in the thickness of the PMMA brush was observed, indicating the absence of polyamines within the brush. The same behavior was found for azobenzene containing surfactant as well. [3] Table 1 lists the change in the height of the PMAA block and the degree of surfactant binding for the two polyamines Azo-En and Azo-Tren. In the following we will also discuss the interaction of AzoDeta and Azo-TMAB with brushes (Supporting Information Figure S1 ).
Azo-En
Azo Table 1 . Molecular parameter of the PMMA-PMAA diblock-copolymer brushes. The grafting density, 0.4 nm -2 , is determined as described elsewhere. [46] The number average molecular weight, M n , is calculated according to the known height of the brush: , where  is the density of PMAA 1.12 g/cm 3 . h PMAA azo = (h total azo -h PMMA ) is the height of the PMAA block after loading the brush with azobenzene surfactants.  is the degree of surfactant binding. h lines is the
height of the SRG after irradiation and subsequent treatment with DMF. Σ is the reduced grafting density (for more details see the text below). One can calculate the degree of binding, , by measuring the height of the brush using AFM scratch experiment before and after loading with photosensitive molecules ( Table 1) . As can be inferred from Figure 2 and Table 1 ,  decreases with increasing molecular weight of the PMAA block for both surfactants. When comparing the surfactants, one also sees that Azo-Tren with the 3 charges at the head group binds less than the surfactant with 1.5 charges (Azo-En). In the case of Azo-En molecules the degree of binding is the largest among all polyamines and reaches 0.41 for the brush I (Table 1, Figure 3) , indicating that 41% of all carboxyl groups bind with the polyamine. For the same surfactant increases with decreasing molecular weight of the PMAA block ( Table 1) . This can be understood by considering a reduced grafting density parameter, , which is defined as 12 

   R g 2 , where R g is radius of gyration of a tethered chain at specific experimental conditions of solvent and temperature.  estimates the degree of crowding of the brush, since it shows the number of tethered chains occupying an area defined by a free polymer chain of the same molecular weight.
[47] As it can be seen from the Table 1 , the reduced grafting density increases with molecular weight from  = 1.8 for the brush I to  = 6.2 for the brush III. Thus, brush III is more crowded and can absorb less surfactant.
We chose brush III with the highest molecular weight of the PMAA block to compare the degree of binding among different surfactants. In this case the ion exchange is more favored due to a larger entropy gain associated with escaping counterions from the brush. It means that at the same concentration of the surfactants with one and three charges the brush exposed to these surfactant solutions will collapse to a large degree in the case of multivalent surfactants, since it results in more pronounced drop of osmotic pressure inside the brush. This, in turn, results in a smaller concentration of the multivalent surfactants within the brush, and thus, smaller degree of binding. As will be shown subsequently, even a low concentration of the photosensitive surfactants loaded within the brush is sufficient to render the graft highly responsive to UV irradiation.
To obtain nano-scaled stripes of PMAA chains on top of PMMA blocks (Figure 4) , we first irradiate the photosensitive brushes with UV interference pattern (= 325 nm, D = 1.5μm) followed by subsequent exposure to DMF, a good solvent for both PMAA and the surfactants. As it was recently 14 reported, [3, 18] there is a formation of surface relief grating (SRG) within the brush under irradiation. The height of the SRG is ~10 nm (just after irradiation) for all surfactants. However, during irradiation the opto-mechanical stresses are strong enough to induce local scission of the polymer chains from of the areas on the specimen that received the highest UV dosage. The scission of PMAA chains appears at the PMMA-b-PMAA interface as can be seen from the cross-sectional 15 scheme in Figure 4 and Figure 2 . Moreover, in the case of the Azo-En surfactant (with 1.5 charge at the head), the polyelectrolyte chains rupture even at the areas of minimum intensity resulting in the height of the SRG that is smaller than the thickness of the functionalized PMAA block. The roughness of the brush surface before and after irradiation is larger in the case of polyamine surfactants. Thus, the brush loaded with Azo-TMAB has 1.4 nm root-mean square (rms) roughness (measured over 10 x 10 μm 2 area), while the brushes complexed with polyamines has a rms of ~4
nm. In addition, the profile of the SRG differs for Azo-TMAB and polyamine surfactants (Figure 4 ).
In the case of Azo-TMAB modified brush, the profile appears to be sinusoidal, matching the intensity distribution of the UV interference pattern. In contrast, in the case of polyamine modified brushes, the profile resembles channels with a flat top (cf. Figure 4d ). This behavior may be related to the strength of the interactions between the surfactants and the polymer brush. Indeed, the irradiation field acts only on the photo-responsive azobenzenes, that undergoes photo-isomerization from the stable trans-to a meta stable cis-conformation with corresponding changes in dipole moment, volume, and orientation. These opto-chemical forces are transduced to mechanical response within azobenzene-containing polymer films. The coupling between the active molecular actuators and the "passive" polymer matrix is achieved via hydrophobic, H-bonding and ionic interactions between the surfactants and the polymer chains. Since polyamine surfactants bear larger number of charges, they should be coupled more strongly to the polymer and thus be more effective in pulling out of the polymer chains. Indeed, as can be seen from Figure 4 only a small amount of the polyamine surfactants is needed to remove completely the PMAA block from the UV irradiated areas, while in the case of Azo-TMAB molecules with a comparable degree of binding ~30% of the total brush thickness is left behind on the same areas of the specimen. [18] Although the coupling between the polyamines and the polymer chains is strong, the concentration of the photosensitive 16 units within the brush is low; this results in brush scission only in the regions of maximal UV intensity. The distribution of the intensity within the interference pattern is sinusoidal, i.e., at the period of 1.5 m, the intensity drops two-fold within the 750 nm near the maxima (see insert in Figure 4 ). The width on the channel like grating in the case of Azo-Deta and Azo-Tren (Figure 4c and Figure 4d ) is ~750 nm. In our recent publication, we have reported that Azo-TMAB can be removed from the brush by long extraction in the water bath. [18] In the case of the polyamines, the significant removal of the surfactants was not observed after 24 hours of water extraction.
Conclusions
We present investigation of the formation of macromolecular complexes featuring PMMA-b-PMAA diblock copolymer brushes and photosensitive cationic surfactants and study their response to UV radiation. The brushes were prepared using ATRP in such a way, that the molecular weight of the first block attached to a solid surface (PMMA) and the grafting density of the brushes were kept constant, while the molecular weight of the dangling block (PMAA) was varied from 32 to 111 kDa.
The surfactant molecules feature positively charged head group consisting of polyamines to which the azobenzene group is attached to through the hydrophobic spacer. Depending on the number of amine groups, the valence of the head group differs between 1 and 3. For comparison, we present also the results on Azo-TMAB surfactant where the head group bears a permanent single positive charge. When the brushes are exposed to a surfactant solution, the surfactants are adsorbed within the PMAA block and its thickness increases. We determined the degree of binding () by analyzing the increase in the thickness of the brush after surfactant coupling. For the same surfactant increases with decreasing the molecular weight of the PMAA block. Additionally, within one chosen brush,  depends on the number of charges at the head group;  is smaller for surfactant having a higher valence at the head-group. The smallest degree of binding ( was obtained for the brush with the largest molecular weight of the PMAA block loaded with the surfactant Azo-Tren bearing 3 charged at the head group. indicates that only 7% of the carboxylate groups within the brush interact with the surfactant. In response to irradiation featuring an UV interference pattern, polymer brushes loaded with photosensitive surfactants form surface relief gratings (SRG) of topography that is associated with local rupturing of PMAA chains on the same that received the highest UV dose.
The extent of polymer chain scission is comparable for surfactants of different valence, despite of the small equilibrium concentrations of the multi-valence surfactants in the brush. We explain this phenomenon by considering stronger interaction of multi-valent surfactant with the brush relative to univalent surfactants. The presence of multi-valent azobenzene surfactants allows for more effective transduction of the opto-mechanical forces from the photo actuator azobenzene molecules to the polymer matrix.
